Smell is a powerful tool for conveying and recalling information without requiring visual attention. Previous work identified, however, some challenges caused by user's unfamiliarity with this modality and complexity in the scent delivery. We are now able to overcome these challenges, introducing a training approach to familiarize scent-meaning associations (urgency of a message, and sender identity) and using a controllable device for the scent-delivery. Here we re-validate the effectiveness of smell as notification modality and present findings on the performance of smell in conveying information. In a user study composed of two sessions we compared the effectiveness of visual, olfactory, and combined visual-olfactory notifications in a messaging application. We demonstrated that olfactory notifications improve users' confidence and performance in identifying the urgency level of a message, with the same reaction time and disruption levels as for visual notifications. We discuss the design implications and opportunities for future work in the domain of multimodal interactions.
INTRODUCTION
Notifications pervade our everyday life (e.g., emails, telephone calls, social media updates). Although notifications aim to provide information related to background events [54] , they can also cause Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. ICMI '18, October [16] [17] [18] [19] [20] 2018 frustration and decrease a user's performance by interrupting their primary task [25] . Notifications are mainly delivered through vision and audition and more recently through touch (e.g., vibro-tactile stimuli [69] ), but there have also been attempts made using smell as a notification medium (e.g., [5, 7] ). The sense of smell helps us in perceiving and understanding information [61] in circumstances where our vision is overloaded or not fully functional (e.g., visually impaired users). Smell has the ability to convey information with the advantage of a lower cognitive load [32, 33, 61] , and the potential of improving users' efficiency [14, 61] .
Although, there is a growing interest in the sense of smell within the HCI community (e.g., [5, 7, 56, 57, 74] ), particularly in designing marketable scent-delivery devices (e.g., [2, 3, 75] ), and in exploiting olfaction as an interaction modality (e.g., for notifications [7, 8, 16, 74] ), works on the effect of olfactory notifications on users' disruption and performance are contradictory. While Arroyo et al. [5] showed that the sense of smell is the most disruptive modality, Bodnar et al. [7] described it as the least disruptive. However, in both cases, users' performance in a primary task was negatively impacted, while perceiving olfactory notifications. This suggested that users were less effective in multi-tasking than with other modalities. This negative effect on users' performance was also reported by Warnock et al. [74] , who described olfactory notifications as a slow modality but with no difference with respect to its level of disruption [71, 72] . The discrepancy in prior work findings [5, 7, 71, 72, 74] , can be explained on one hand with the lack of controllability over the scent-delivery parameters (e.g., intensity, duration) and on the other hand with the users' unfamiliarity with the new medium, as also acknowledged by the authors in the conclusions of those prior works. Here, we aimed to overcome those limitations, accounting for advances in scent-delivery devices [13] and introducing scent-associations training to familiarize users with the meaning of olfactory notifications (as per [28, 36] ), and re-validate the effectiveness of smell as notification modality.
We integrated olfactory notifications into a chat-messaging application (Slack 1 , as an example use case) to assess the effectiveness of smell in conveying specific information in comparison with visual and multimodal (visual-olfactory) notifications. Comparing these 3 modalities, we tested users' ability to determine the sender identity of a message and its urgency level (i.e., low and high). We measured the effectiveness and disruption levels of each notification condition. We combined explicit (e.g., self-report questionnaire) and implicit measures (e.g., reaction time), along with the scent liking ratings to account for subjective differences. Our findings show that participants are able to accurately recognize the semantic meaning conveyed through smell (e.g., "I know this message is from my boss and it is urgent"). Thus, smell can support users' informed decisions about whether to interrupt an ongoing primary task and react to the notification. We conclude by discussing the opportunities and limitations of introducing the sense of smell as an alternative and complementary notification modality.
RELATED WORK
The sense of smell (olfaction) has been described as a promising medium for conveying information, fascinating both researchers and designers in HCI [30, 31, 35] . Kaye [31] , e.g., discussed the potential of scent as an interaction modality, also highlighting design challenges, such as perceptual variabilities between users (e.g., liking, preference, memories) and the difficulty in controlling the olfactory stimulation (e.g., intensity regulation, lingering, chemical reproducibility). Now (over the last 10 years), thanks to groundbreaking work in psychology, neuroscience, and sensory science, we have a better understanding of the human olfactory system's capabilities and thus how to account for some of these design challenges. Here, we review related work with respect to the basic understanding of the sense of smell as medium for conveying information, its application in the context of HCI, specifically for ambient notifications, and how advances in scent-delivery devices can help re-evaluate the effectiveness of smell for notifications.
Smell as a Powerful Information Medium
We are influenced by scents in everyday activities: from the communication between each other using chemosignals (e.g., body odors) [55] to the communication with the environment (e.g., bad smell warning of an incoming danger, serving Darwinian survival needs) [58] . Despite smell being such a powerful medium in everyday life, humans are not aware of its full potential and capabilities [45] . Smell influences us consciously and unconsciously [29] . Smell under-threshold stimulation (i.e., not consciously perceived) does not require our attention [6, 32, 33] , this property could be valuable for interaction design to reduce distraction when used as an ambient notification. However, designing for under-threshold stimulation is complex (e.g., [64] ) and is affected by individual sensitivity to smell (e.g., gender, age, personality) [40] . The variabilities between users are grounded in individual likings and preferences that can even vary within one user over time [19] .
The brain areas involved in olfactory perception are directly connected with the areas for emotions and long-term memory [29] . These neural connections define smell as a medium for conveying and recalling information, which is also subjective based on personal past experiences [53] . As in the perception of colors we are not fully aware of whether what is categorized as "red" (e.g., RGB: 255,0,0) is seen by all users as the same red, but we are sure of the related perceptual aspects and the common learned or trained association with danger [12, 47] (e.g., red activates an avoidance attitude, typically in signals). Scents (i.e., olfactory stimuli) are good at conveying information through natural associations (e.g., smoke is associated with fire) or through trained/learned associations (e.g., as natural gas is odorless, the scent of "sulphur" was added and people learned that this scent is associated with danger) [29] . Olfactory stimuli have also been proven to positively affect the recall of information with the same accuracy as verbal, visual, tactile, and auditory cues, with an even stronger connection to long-term memory and emotions [29] . Prior work [37, 41] has shown that to establish scent-associations (e.g., with humans' ability to remember around 15-20 scents) or sequences of scent-associations (e.g., memory span of 4-5 components of a scent sequence [42] ) people can be trained. The training can be designed to impact the long-term memory (e.g., 12-18 weeks) [11, 27] and short-term memory (e.g., up to 10 minutes) [4, 28, 65, 66] . Using scent-association training, it is possible to create a new trained vocabulary [41] just using smell or in combination with other modalities (e.g., vision [12] ).
Olfactory Notifications
Such trained scent-associations (alone or combined with other modalities) can be valuable for designing olfactory notifications. One of the first studies that exploited olfaction for ambient notifications was carried out by Arroyo et al. [5] , showing that smell and vibration were more disruptive modalities than visual and auditory notifications. The authors, however, recognized the influence of individual differences in the perceived disruptiveness. An atomizer with an air absorber directed from a wall behind the participant was the method used to delivery the smell. This scent-delivery approach has limitations, it is slow in diffusing the scent, with long lingering effects of the smell in the environment. Moreover, the delivery path is not precisely directed towards the participants.
Bodnar et al. [7] , instead, showed that, although the olfactory modality was perceived as less effective when compared to auditory and visual stimuli, it was less disruptive on users' engagement in the primary task (i.e., arithmetic questions). These results were supported by an implicit measure of disruption and also by a selfreport measure about the participants' perceived disruptiveness and effectiveness related to the three modalities. Bodnar et al. [7] emphasized the influence of users' unfamiliarity with olfactory stimuli and the need for training on the semantic meaning of olfactory stimuli to not only achieve better results, but also to establish the basic understanding of the effect of scents on users' performance. A fan (Spa Scenter diffuser) with directional funnels was used to delivery smell stimuli, with similar lingering problems as Arroyo [5] compromising the accuracy of high-frequency notifications.
More recently, Warnock et al. (e.g., [71, 72] ) compared users' performance of visual, auditory, tactile, and olfactory modalities using a cognitively demanding memory-card game (i.e., matching pairs) as a primary task. The secondary task varied in function of the study and it was either pressing a red button in response to target notifications [72, 74] or categorizing the incoming notifications by pressing one of the three buttons, labeled with semantic links to home-related context information (heating, lights, telephone) [70, 71] . The findings showed that each modality led to the same disruption in the primary task, while the notification effectiveness varied. Olfactory notifications were the worst with respect to effectiveness (e.g., requiring longest response times) supporting the use of this modality for not urgent notifications. As a scent-delivery device, a fan-based device (Dale-Air Vortex Active) was used, limiting the control over the delivery parameters, as also acknowledged by the authors, and left for future work to improve upon.
In summary, across all prior work, the exploration of the sense of smell as an alternative notification modality was motivated by the known power of smell and hope for less disruption, yet no conclusive findings have been presented so far. A common problem identified in prior studies, which may explain the variability in results, was the lack of controllability of the scent delivery and inability to ensure the same accuracy of presentation as visual and auditory stimuli. Another challenge is the unfamiliarity with the medium and the interpersonal scent preferences.
Advances in Scent Delivery
Multiple scent-delivery devices suitable for HCI applications have appeared on the market recently [15] . Some of these products have been successfully employed for such applications as photo tagging [8] and interaction with virtual objects on a holoscreen [3] . Such devices are often expensive [15] and not flexible in being used in different application scenarios (e.g., lack of adjustment for different distances [30, 75] ). For these reasons, a range of other prototypes, which have demonstrated themselves efficient for applications like gaming [49] , VR [10, 23] , AR [50] , simulated driving [76] , multisensory cinema [67] , and art [38] have been proposed recently.
Devices previously used for scent-delivery in olfactory and multimodal notifications were mainly of two types: regular fans (e.g., Dale-Air Vortex Active, [71] [72] [73] ) or fans with diffusion oriented to the user with the help of directional funnels (e.g., Spa Scenter diffusers [7] ) and atomizers with an air absorber for amplifying the diffusion of the scents to the user ( [5] ). These delivery systems have various limitations which compromise the reliability of the scent-delivery and consequentially the study findings. The main limitations of such devices are slow diffusion, long lingering times (liveness of the scent after the delivery), inaccurate delivery trajectory, cross-contamination between scents, and noise of the delivery.
To overcome those limitations, Dmitrenko [13] recently proposed a framework for olfactory stimulation alongside a fully controllable scent-delivery device, that we will use in our study. This fully controllable scent-delivery device facilitates the systematic exploration of the effectiveness of olfactory notifications integrated into the Slack messaging system. The device allows precise control of the scent-delivery parameters (e.g., duration, frequency, intensity, distance). The device is electrically controlled and composed of 6 electro-vales (Solenoids) that regulate the air passage (on-off) from a tank of compressed air (see [13] for more details). Figure 1 shows an overview of the scent-delivery device. The delivery angle (45°from the table surface) was kept consistent for every participant, as well as the scent intensity (same amount of scent delivered). The airflow for the scent delivery was set at a constant pressure of 1 Bar flowing at 0.14 l/s, using an air-regulator (0-10 Bar, BOC Series 8500 Air Regulator).
This delivery device overcomes multiple technical limitations reported as challenges in prior work. First, the delivery speed and time are controlled by the activation of the valves and the pressure level of the compressed air. Due to this, the lingering time can be measured and accounted for [13] . Second, there is no crosscontamination or mixing between scents during delivery, as all six delivery channels are separated from each other and merge only in the nozzle (see [13] ). Third, the noise of the delivery device (6) glass bottles with the scents, (7) one-way valves, (8) output 3D printed nozzle. measured 30cm away from the delivery nozzle (see Fig. 2 , right) is 30dB, which is comparable to the noise created by a whisper 2 .
USER STUDY
We designed a user study to assess the effectiveness of olfactory notifications integrated into the Slack messaging system (we refer to as oSlack). We chose Slack as an application example for testing our olfactory augmentation of notifications, because it is increasingly used in various work environments and offers an open API for the integration of olfactory stimuli as a notification channel. The main study objective was to re-validate prior research findings, showing contradictory evidences in the use of scent as a notification modality, through: (i) using a reliable scent-delivery device and (ii) adding a training for scent-associations in order to convey specific meanings.
A total of 16 participants (M aдe = 29 years old, SD= 7, 1 female) volunteered for the study, which was composed of two sessions. Participants reported having no deficit of olfaction or vision, nor neurological diseases. The olfactory and visual deficits were assessed during the recruitment phase using a self-report questionnaire [51] . Ethics approval for this study was obtained from the University's ethics committee.
Hypotheses
Based on the related work and our research objective, we defined the following hypotheses for our user study:
H1. Olfactory notifications can be perceived as fast as visual notifications and users' confidence and comfort with the medium will increase with scent-association training. H2. Olfactory notifications are more informative (accurate in conveying semantic information) than visual notifications: the accuracy in recognizing (i) the sender's identity and (ii) the message type is higher. H3. Olfactory notifications are missed less often and are less disruptive (lower error rate and higher activity rate in the primary task) than visual notifications. H4. Multimodal (visual-olfactory) notifications provide more accurate and reliable information but are more disruptive due to a higher cognitive load (processing of information from multiple senses).
Study Design
The study followed a within-participants design with three notification conditions (visual, olfactory, visual-olfactory), following the paradigm used in prior work [72] [73] [74] and adding a training phase to familiarize users with olfactory notifications and their meanings (i.e., sender identity and urgency level of the message). We compared visual and olfactory notifications, and their combination in two different sessions, each lasting 45min. We excluded auditory notifications because they are already extensively studied ( [20, 26] ) and we wanted to compare two modalities with different attentional/cognitive requirements [48] . We chose the visual modality as it is known to be the dominant modality and commonly used for notifications.
The study was composed of two consecutive sessions on different days, to test the users' performance over time and with respect to an increased complexity of trained scent-associations (i.e., sequences of scent-associations). Both sessions of the study consisted of a primary task (card-matching game) and a secondary task (pressing a button when perceiving the notification), sessions began with olfactory notification training.
3.2.1 Primary Task. The primary task was a card-matching game "Concentration", which has been used before in the comparison of different modalities [72] [73] [74] . A total of 24 cards (see Fig. 3 ) were presented face-down to the participants on a computer screen, with a maximum duration of 60s per game.
Secondary Task.
The secondary task was to press a red button when perceiving any Slack notification (any of the three modalities) while performing the primary task. As suggested by previous work, the secondary task is simple and different from the primary task, to isolate the effect of the notification modality [7, [72] [73] [74] . The button was placed in front of the participant (see Fig. 2 , right).
Scent-Association Training.
In session 1 of the study we trained participants with the scent-associations, conveying the following information: lemon for John, and lavender for Cathy (two users we created in our Slack application). The training involved repeated presentations of scents (5s of constant delivery at 1 Bar, see details on the scent-delivery device below) along with visually displaying their associated information, with short breaks in between (10s). After receiving each stimulus six times (two scent-associations repeated three times), participants had to pass an association test. We presented four randomized stimuli for each scent-association, and the participant had to select the corresponding meaning. If their accuracy was less than 83% (5 of 6 correct answers), the training stage had to be repeated. The training lasted approximately 5-10 minutes, depending on the participant's performance.
In session 2, we increased the complexity and introduced sequences of scent-associations. We added new scent-user associations: rose for the Team and peppermint for MyUser (refers to the direct message sent to the participant). We trained participants to recognize sequences of scents related to the message urgency. Figure 4 shows all the scent-associations, for both sessions. The training is composed of two blocks of 12 trials each (four scentassociations repeated three times). The scent presentations were identical to the session 1 (5s delivery with 10s in between). Each block was followed by an association test of four questions, with an additional final association test of six questions, where the participant needed to score more than 80% to proceed with the study. A score inferior of 80% (8 of 10 correct answers) resulted in repeating the training session. The training phase lasted approximately 15-20 minutes, depending on the participant's performance.
Olfactory Notification Design
Slack is a cloud-based real-time messaging platform with features commonly used in major messaging tools and social media applications (e.g., private and team conversations). Slack offers notifications of two different types (e.g., regular and mentions expressed by the "@" prefix) and two importance levels (e.g., private messages and channel/group conversations). As shown in Figure 4 , we categorized Slack messages into four levels of urgency (notification categories): from low to high urgency, to inform the design of specific olfactory notifications. Slack allows for external services to connect and access its underlying data (offers an open API). This access is granted through creating a "Slack App" and following the authorization procedure (OAuth 2.0). This authorization permits the accessing and sending of data through several different APIs (i.e., RPC, RTM, Event-driven, etc.). Our olfactory notification program (oSlack) accesses Slack through one of these Apps and uses the Real-Time Messaging (RTM) API to receive real-time event data (e.g., messages). When a message is sent in Slack, a packet of information detailing the message event (i.e., target channel, sending user, text, and timestamp) is sent to our program. By applying simple checks on this message event (where it is sent to and text contents), it is categorized into one of the four previously defined notification categories, and the appropriate olfactory notification is released (see Fig. 5 for the notification process) 3 . Slack messenger (version 2.6.3) was installed as a desktop application.
Setup
Participants were comfortably seated (chair with adjustable height) in front of an iMac (27-inch, 60Hz refresh rate, 2560x1440), where they completed the primary task (card-matching game). Participants wore headphones (listening to white noise) to isolate any potential auditory ambient distractors. Participants had a red button, in front of them on the table and were instructed to press it as soon as they noticed any notification (see Fig. 2, right) 4 . On their left side, they had a MacBook Pro (13-inch, refresh rate 60Hz, 2560x1600) to complete a short questionnaire after each trial (i.e., end of each card-matching game).
Notification presentation
All notifications were presented at a randomized time (a time value within the range of 20s and 30s, with uniform probability) using automated messaging (see Fig. 5 ). One notification was presented in each game. In order to synchronize the card-matching game (i.e., primary task) with the notification delivery, we instructed the participants to press the red button immediately before starting a new game. This was done to account for the varied time taken to complete the questionnaire.
3.5.1 Visual Notifications. By default on macOS, Slack uses the visual Mac banner for notifications, which are presented in the 4 Enlarged visualization of the study setup and card-matching game can be found in the supplementary material.
top-right corner of the screen (324px by 23px) (see Fig. 3 top right) . Each visual notification took 1s to transition onto the screen, stayed for 5s, and then took another 1s to transition off the screen.
Olfactory Notifications.
The scent-association meanings are the following: Cathy-lavender scent, John-lemon scent, Teamrose scent, MyUser-peppermint. The scents selected were based on previous literature in the field of psychology and neuroscience, which showed for instance, the relaxing effect of the lavender and rose scents, in contrast to the arousing effect of lemon scent (e.g., [24, 34, 68] ). During the main task, the olfactory notifications were delivered for 5s, reaching the participant after 2s, with the perceivable scent lingering for 2s after the delivery finished. The scents (5g of 100% pure essential oils from Holland & Barrett International Ltd) were delivered using a constant pressure of 1 Bar. In session 2, each scent of the scent-association sequences was delivered for 2.5s in order to have the same delivery duration as used in session 1.
Visual and Olfactory Notifications.
For the third notification condition, visual and olfactory notifications were combined. We conducted a pre-test with six participants (M aдe = 28 years old, SD= 4, 1 female) to verify the synchronization between visual and olfactory notifications. The pre-test followed a within-subjects design, testing four scents (i.e., lavender, lemon, rose, peppermint) and all the visual notifications (i.e., two senders, two urgency levels), as in session 2. A total of 80 trails (16 trials per 5 repetitions), lasting 30min (5s delivery, with 10s break after button press) were presented to participants. Participants were instructed to press the red button when receiving a stimulus, while watching a fixation point (set-up as Fig. 1) . To estimate the sample size, we performed an a-priori statistical power analysis in G * Power. A power of .95, α= .05, large effect size (F= .25, χ 2 = .33) requires a sample of six participants [9, 17, 39] . We performed a repeated measures ANOVA on the collected reaction times. The results showed no differences in reaction times of perceiving the notifications, meaning that they were perceived as synchronized.
Measurements Used
To capture users' feedback and account for unconscious (subliminal [21] ) effects, we combined explicit (e.g., self-report questionnaires) and implicit (e.g., reaction time in perceiving the notification, primary task performance) measurements. We captured pre-and post-study experiences of receiving notifications (see Table 1 questions), through a self-report questionnaire, to investigate if Table 1 : Pre-and post-session questionnaire used to measure the notification comfort and confidence in sessions 1 and 2.
the exposure to olfactory notifications changes the participants' comfort, confidence, and familiarity of interacting with the Slack messaging service and with notifications in general. The purpose of this questionnaire was to check how the attitude of the participants towards the interaction with different modalities changes over time. The post-study questionnaire also included demographic questions (i.e., age and gender) and questions on how much participants liked the scents used in the experiment on a 7-point Likert scale (1= "Did not like it at all"; 7= "Liked it very much").
Following prior work [72] [73] [74] , we evaluated the primary task performance as an index of disruption level, using implicit measurements: the activity rate (card turns per second) and error rate (superfluous views per click). A superfluous view occurs when a participant repeatedly views a card without successfully matching it, suggesting that their mental mapping of card locations has been mismatched due to disruption. We additionally measured the perceived disruption level using a self-report question ("How much did the notification disrupt you from your task?") answered on a 7-point Likert scale (1= "Did not disrupt at all"; 7= "Disrupted very much").
We evaluated the notification performance combining implicit and explicit measures. The implicit measures were the reaction time in perceiving the notifications and the percentage of accurate notifications (out of the total notifications presented). The implicit measures were: (1) Accuracy in notification perception: "Did you perceive a notification (visual/olfactory or both)?", dichotomous answer (Yes/No); (2) Accuracy in sender identification: "Who was the sender of the message?", forced choice answer (Cathy or John); (3) Accuracy in message types identification (used in session 2): "What was the notification that you received?", forced choice answer (mention in common channel -low urgency, private message mention -high urgency). The questions were presented after each game.
Finally, we measured users' confidence in the perceived notification accuracy based on self-report questions on a 7-point Likert scale (1= "Not confident at all"; 7= "Very confident"): (1) Confidence in sender identification: "How confident are you in identifying the message sender?"; (2) Confidence in message types (used in session 2): "How confident are you in identifying the notification type?". All the Likert scales were presented as a continuum (a track bar) with fixed extension (i.e., from 1 to 7) [52] .
Procedure
Each participant completed all three conditions (visual, olfactory, visual-olfactory) in each of the two sessions going through three main steps (see Fig. 2 ): (A) Introduction, pre-study questionnaire (see Table 1 ) and training of the scent-associations. (B)
Main experiment consisting of the primary task (card-matching game) and secondary task (pressing the red button when perceiving a notification), followed by self-report questionnaire. It is important to mention that pressing the red button did not interrupt the game. The questionnaire to measure notification performance was shown to the participants at the end of each game. (C) Post-study questionnaire at the end of the experiment. Each session lasted approximately 45 min. In session 1, participants were presented with 2 sender identities (i.e., Cathy and John) in each condition. The order of presenting the sender identities was counterbalanced to control for any possible effects due to scent liking. In session 1, a total of 12 notifications were presented (3 notification conditions × 2 sender identities × 2 times), corresponding to 12 card-matching games with notifications, with 2 practice rounds at the beginning.
The same procedure was repeated during session 2 on another day, to assess effectiveness of the training beyond one session [37] . In the second session, we increased the complexity of the olfactory notifications by including 4 (2 additional) scent-associations (i.e., Cathy and John, plus the Team, and the User-MyUser) coupled with 2 message urgency types (i.e., team channel mention -low urgency and direct messaging mention -high urgency). The username of the participant was labeled MyUser (if the message was sent to MyUser, the receiving user was the participant). In session 2 a total of 12 notifications were presented (3 notification conditions × 2 sender identities × 2 urgency levels), with 2 practice rounds at the start.
RESULTS
Here we present the key findings with respect to our main hypothesis (see Hypotheses). We summarized the results from session 1 and session 2. To verify the possibility of applying parametric tests to our data, we first performed a normality test (Shapiro-Wilk test) for each measurement (the details are reported below).
Notification Performance
Reaction Time of the Response to the Notification: The results are normally distributed [62, 63] , hence we performed a series of repeated measures ANOVA tests and found no statistically significant differences in the participants' reaction times as a response to the notifications presented using three different modalities (visual, olfactory, visual-olfactory) both in session 1 (M V isual = 2.22s, SD= 0.83s; M Ol f act ory = 2.18s, SD= .64, M V /O = 2.39s, SD= 1.5) and session 2 (M V isual = 3.19s, SD= 2.77s; M Ol f act ory= 3.03s, SD= .64, M V /O = 2.81s, SD= 2.07). Our results show that olfactory notifications are as fast as the visual notifications and confirm H1.
Accuracy in Identifying the Message Type (i.e., level of urgency): This data was only collected in session 2, and we performed a non-parametric test, Kruskal-Wallis H including post-hoc test (Bonferroni correction) that shows an overall statistically significant difference between the accuracy results in identifying the message type across all three notification modalities (χ 2 (2)= 7.91, p< .05). More specifically, participants were most accurate in the case of the olfactory notifications (84%), in comparison to the combined visualolfactory (78%, p< .05), and the visual only (78%, p< .05) notifications (see Fig. 6 ). Our results show that olfactory notifications induce a higher accuracy in participants' ability to identify the message type, compared to the visual only and to the combined visual-olfactory notifications. Figure 6 : Percentage of trails, where participants identified the message type correctly (i.e., level of urgency), presented for the three notification types, * p < .05. This plot presents the results only from session 2.
As we can see from these results, the multimodal notifications did not result in a better performance in identifying the message type, and can be only partially confirmed H4.
Accuracy in Identifying the Sender of the Message: We performed a non-parametric Kruskal-Wallis H test including post-hoc test (Bonferroni correction) which has shown an overall significant difference between the accuracy in the identification of the sender across all the three notification modalities both in session 1 (χ 2 (2)= 20.5, p< .01) and session 2 (χ 2 (2)= 11.21, p< .01). More specifically, participants were most accurate in identifying the sender correctly when receiving the combined visual-olfactory notifications (97%) in comparison with the visual (84%, p< .05) and olfactory (86%, p< .05) notifications in session 1. The same effect was observed in session 2, where the combined visual-olfactory notifications (97%) also surpassed the olfactory (86%, p< .05) and the visual (84%, p< .05) notification modalities. Finally, our results show that multimodal (visual-olfactory) notifications are more effective for identifying the sender of the message. This finding partially confirms H2, showing that olfactory notifications are more informative for understanding the urgency of a message, but not for the accuracy of identifying the sender, where the combined visual-olfactory notifications are more successful yielding 97% accuracy, compared to the 84% of the visual only and 86% of the olfactory only notifications.
Disruptiveness of the Primary Task
We could not confirm H3 on olfactory notifications being less disruptive. However, olfactory notifications are not less or more disruptive than the visual. The results are normally distributed, hence we ran a series of repeated measures ANOVA tests and found a trend of olfactory notifications to be perceived as less disruptive in comparison to visual only and combined visual-olfactory notifications both in session 1 (M V isual = 4. Interestingly, our results show a contrast between the self-report and the implicit measures. Participants reported being less disrupted by the olfactory notifications, nevertheless, their post-notification activity rate and superfluous views per click in the primary task were almost the same for the cases of both the olfactory and the visual notifications. The results demonstrate no significant effect of the notification modality on the activity rate in both sessions.
The combined visual-olfactory notifications seemed to be more disruptive, based on both the self-reported perception and the reduced activity rate (not significants). In contrast, there is no effect of the notification modality on the superfluous card views per click (error rate) after the notifications.
Perceived Comfort and Confidence
We performed a series of repeated measures ANOVA tests between the pre-and post-study questionnaire data to analyze the perceived levels of participants' comfort with and confidence in understanding the olfactory notifications.
The participants' comfort rating of receiving olfactory notification has increased significantly (see Fig. 7 ) in the post-study self-report of session 2, compared to the pre-study rating of session 1 (F(1,15)= 4.92, p< .05). However, we found no statistically significant differences between the post-study ratings of sessions 1 and 2, as well as between the pre-and post-study ratings of session 2. Likewise, the participants' confidence in understanding olfactory notifications increased significantly (see Fig. 7 ) between the pre-study rating of session 1 and the post-study rating of session 2 (F(1,15)= 4.63, p< .05). Again, we found no statistically significant differences neither between pre-and post-study ratings of session 2, nor between the two post-study ratings of both sessions. Mean ratings of the perceived comfort and confidence in the accuracy of understanding olfactory notifications in the pre-study questionnaire of session 1 and the post-study questionnaire of session 2. Error bars, ± s.e.m., * p < .05.
As we can see, both confidence and comfort perceived ratings have increased over time, underlining the motivation for giving users a chance to familiarize themselves with the new medium (smell) and the trained scent-associations.
DISCUSSION
Cognitive psychologists identified strategies that people apply in dealing with interruptions (e.g., disruptions caused by notifications [21] ), showing that the most successful strategy is to give users the possibility to decide when to react and when to deal with those interruptions [44] . The ability to decide whether to act or not reduces the negative impact on a primary task. With olfactory notifications based on trained scent-associations we can provide the user with the possibility to decode the notifications' meaning, such as the urgency or the sender's identity, without disrupting the visual attention from the primary task. Thus, giving user the potential freedom to decide when to deal with notifications or not, without the necessity to read the notifications' content, future studies should validate this effect. Our results support this evidence, showing that the accuracy in identifying complex information such as the urgency level of a message requires more visual attention to decode it (e.g., read the message content) and thus using olfactory notifications the accuracy is higher. Likewise, when the information to be encoded is simple, such as the sender identity, the user's accuracy is higher with the multimodal notifications (visual-olfactory). Furthermore, the visual attention required to read a name is lower and the combination of the two modalities increased the potential to decode the notifications with one of the two modalities (either visual or olfactory) or is enhanced by both (visual-olfactory). In conclusion, olfactory notifications increase the users' accuracy and are reported to be less disruptive than the multimodal notifications in the case of complex information. Although, we could not confirm that olfactory notifications alone are less disruptive based on users' performance measures (activity rate), the self-report measures show that olfactory notifications are perceived as least disruptive.
Moreover, our study showed that participants' comfort and confidence in understanding olfactory notifications increased after being exposed to this new modality over time (between the pre-study rating of session 1 and the post-study rating of session 2). This emphasizes the importance of familiarization with a new medium acknowledged in prior studies [7, [72] [73] [74] , but not studied to date. Moreover, the demonstrated increase in comfort and confidence ratings in our study took place despite the fact that users reported relying less on the olfactory notifications than on the notifications delivered by the other modalities, in line with recent work [45] .
Overall, our findings support that olfactory notifications improve users' performance and are perceived as less disruptive. Hence, the approach used in our study helped to overcome the scent unfamiliarity problem reported in prior work (e.g., [5, 7, 72] ), providing insights on how to design for conveying different information in single and multimodal scenarios. Thanks to the scent-delivery solution, our results suggest that we were able to overcome some limitations of prior work's uncontrollable scent-stimulation (e.g., fast delivery time and switching between scents). Future studies could focus on resolving issues related to olfactory notifications' frequency and timing (e.g., conflict resolution with multiple notifications, interval definition between olfactory notifications, perceptual habituation). Using well-designed multimodal notifications can improve the notification efficacy, exploiting a modality that requires less cognitive load and attention to process information/meaning contained in a notification [32] , and positively affects users' performance [41] . Future work could measure users' emotional reactions (e.g., study the effect of different modalities on users' stress levels [1, 43] ).
Limitations and Future Work
Despite promising results, one of the major concerns in introducing scent as an interaction modality in HCI is related to the high individual variability in scent liking and preferences [18] . Our findings 5 show that whether the participants had scent preferences or not, it had no effect on the performance of the olfactory stimuli, and did not impact the users' performance in our study. These findings 5 See detailed results in the supplementary material.
are intriguing, as they allow us to abstract the ability of scents to convey information away from their hedonic qualities and explore olfactory stimulation based on the functional potential of the scents (e.g., as a medium to convey information). Nevertheless, to strengthen the effect of smell as information medium, customization options should be considered. Enabling users to customize olfactory notifications based on their preferences can increase the effectiveness of its use in interactive application design. Customization opportunities have always been a feature of visual and auditory interfaces (e.g., ringtones for a smartphone, desktop wallpapers for a PC), and, more recently, of tactile interfaces (e.g., different vibration types on a phone [60] ). Future studies should investigate the roles of physiological responses and personal olfactory experiences (see [46] ) to further understand the performance of olfactory notifications. Another limitation we would like to acknowledge is that the primary task selected for our study can be seen as a task with a medium cognitive load, used previously to test notification disruptions in the home care context [70] [71] [72] [73] [74] . Hence, it is important to study tasks with a different cognitive load, as suggested by [7] , as well as introducing other modalities (e.g., audio, touch) alongside smell. Exploiting the use of the crossmodal correspondences can support users with sensory impaired conditions and even maximize the notifications efficacy in normal conditions [12] . Finally, the sample size of our study was small, and despite the repeated sessions, the sample is not enough to generalize our findings but remains valid in extending prior work. We introduced the training for participants to learn the scent-associations, however, future studies should test how to reduce the duration, using longitudinal study, for example, to increase the familiarity with the new medium over time. Future possibilities of exploiting the design of smell notifications using under-threshold stimulation can be achieved through an initial training of scent-associations, as shown in our work, and investigating the role of subjective olfactory sensitivity. This could be valuable to reduce user disruption and cognitive overload [32, 33] , supporting efforts in the design of implicit interaction [59] (e.g., ambient notifications). However, this possibility of implicit interaction design requires responsible design considerations when applied beyond notifications (e.g., unconscious conditioning of users' behaviors) [22] .
CONCLUSION
Here we demonstrated how olfactory notifications can improve users' confidence and performance in identifying the urgency level of a message, with the same reaction time and disruption levels as visual notifications. By using a controllable scent-delivery device and training participants to familiarize and recognize scent-associations, we uncovered the potential of using scent to convey information. This paper makes a contribution towards the development of future multimodal interaction applications engaging the sense of smell, especially in the field of messaging tools and notifications.
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